Abstract Recent years have witnessed the growth of new information technologies and their applications to various disciplines. The goal of this paper is to demonstrate how the two innovative methods, upper level set scan (ULS) hotspot detection and the multicriteria prioritization scheme, facilitate population health and break new ground in public health surveillance. It is believed that the social environment (i.e. social conditions and social capital) is one of the determinants of human health. Using infant health data and 10 additional indicators of social environment in the 159 counties of Georgia, ULS identified 52 counties that are in double jeopardy (high infant mortality and a high rate of low infant birth weight). The multicriteria ranking scheme suggested that there was no conspicuous spatial cluster of ranking orders, which improved the traditional decision making by visual geographic cluster. Both hotspot detection and ranking methods provided an empirical basis for re-allocating limited resources and several policy implications could be drawn from these analytic results.
Introduction
The goal of this paper is to demonstrate how to best utilize hotspot detection and multicriteria ranking methods to promote heath, both at the individual-and community-level. Improvement of hygiene, technology, and medicine has benefitted the US population by increasing life expectancy and years of quality life (US DHHS 2000) . However, in contrast to other industrialized countries, the US has a notably low life expectancy at birth. The relatively high infant mortality rate at the national level is one of the major explanations (Paneth 1995) . According to the World Factbook (CIA 2009) , the 2009 estimated infant mortality rate is 6.26 infant deaths per 1,000 live births in the US, which is higher than Sweden (2.75), Norway (3.58) and Canada (5.04) . In response to the US disadvantage, it is crucial to identify hotspots of high infant mortality and prioritize these hotspots in order to effectively and efficiently reduce infant mortality rates. In this paper, we use hotspot detection and prioritization to address two research questions related to infant health: (1) where are the hotspots of infant mortality and low birth weight, and (2) how should limited resources be applied?
Earlier studies have found that at the individual-level, low birth weight, nutrition intake, and maternal behavior are associated with infant death (McCormick 1985; Barker and Osmond 1986; Kleinman et al. 1988 ). At the ecological-level, air pollution (district level), income inequality (country level), and poor social conditions have been identified as being adversely related to infant health (Wilkinson 1996 (Wilkinson , 1997 Wilkinson and Pickett 2009; Bobak and Leon 1992; Loomis et al. 1999; Waldmann 1992; Hogue and Hargraves 1993) . Although the determinants of infant mortality have been discussed in the prior literature, little research has been done that combines hotspot detection and/or multicriteria ranking methods with these determinants of infant mortality in an effort to promote infant health. Therefore, in this study, we are among the first to use both hotspot detection and prioritization methods to examine the hotspot patterns of infant mortality rates and rates of low birth weight infants. This manuscript attempts to advance the literature by using a case study in Georgia. The purpose of the following discussion is to concisely articulate the linkages between infant mortality and the following factors: low birth weight, social conditions, and social capital. A more elaborate examination of these associations can be found elsewhere (Yang et al. 2009 ).
Low birth weight, which if referred to as the condition in which an infant weighs less than 2,500 g at birth, is a factor that is closely associated with infant death (Paneth 1995; Barton et al. 1999) . Social conditions have been regarded as fundamental causes of disease (Link and Phelan 1995; Phelan et al. 2004; Rogers et al. 2000 ). Neighborhood-level socioeconomic status, residents' educational attainment, poverty, and the unemployment rate have been identified as important determinants of infant mortality. For example, mothers' educational attainment has been identified as a crucial predictor of low birth weight. Mothers who never completed high school are almost 1.5 times more likely to have a low birth weight infant compared to those mothers with some college education (US DHHS 2000) .
Social capital has been found to have an independent impact on infant mortality, after controlling for social conditions (Yang et al. 2009 ). It is believed that social capital is linked to infant health in three ways. First, social capital enhances both tangible and invisible assistance, such as money, food, convalescent care, and health information (Kawachi et al. 1999; Putnam 2000) . Second, social capital reinforces healthy behaviors and exerts control over deviant incidences (Berkman 1985; Kaplan et al. 1977; Kawachi et al. 1999) . Third, social capital brings about advances in health through psychosocial progress (Schoenbach et al. 1986; Seeman et al. 1993) . Simply put, high social capital is associated with low infant mortality. Following on this, low birth weight, social conditions, and social capital, which are all indicators of infant mortality rates, will be used in the ranking analysis.
People with more education generally have higher incomes and thus, can afford better housing and health insurance coverage. They are also more likely to adopt innovative medicines and accept professional advice. In terms of infant mortality rates, these better social conditions could be translated into better nutrition, a cleaner and safer neighborhood, and more readily available health care services for children. Similarly, these mothers endure less pressure, receive better prenatal care, and have more thorough examinations. All of these advantages contribute to a lower infant mortality rate. Therefore, for the purpose of identifying where limited resources should be funneled, social conditions are the most fundamental and crucial concepts. The places with the worst socioeconomic profiles deserve the most attention.
Social conditions and social capital can be defined using various indicators, such as unemployment rate, poverty status, household income, and education level. As it is difficult to determine which of these indicators is the most important, a multicriteria decision making scheme is desirable. Using this multicriteria prioritization approach, the places with lower socioeconomic profiles and weaker social capital could be regarded as places that need the most attention. The following section will provide a brief review of the hotspot detection technique, and the multicriteria prioritization scheme.
Hotspot detection and prioritization
To detect infant mortality hotspots in the counties of Georgia, and hence, rank those hotspots to determine where the limited resources should be allocated, two innovative statistical techniques proposed by Patil and Taillie (2004a,b) are employed: upper level set (ULS) scan for arbitrarily shaped hotspots, and multiple indicator decision making schemes. Inspired by the need for geoinformatic surveillance and software for hotspot detection, the ULS scan statistic uses a more flexible, but also highly sophisticated analytic and computational system to improve on the disadvantages of other currently popular software programs. In order to successfully conduct a surveillance system, the capability to point out potential elevated clusters is essential. Moreover, the hotspot clusters should not be constrained by circle-based spatial scan statistics. That is, the mature hotspot detection software should be able to handle arbitrarily shaped hotspot clusters; otherwise, more false alarms and a false sense of security may be introduced. The ULS scan statistic is believed to overcome these difficulties (Patil and Taillie 2004b) . Therefore, this paper is going to take advantage of the ULS scan to implement arbitrarily shaped hotspot detection.
The ULS was applied to both the infant mortality rate and the rate of low infant birth weight variables. Four groups can thus be identified: counties with only infant mortality hotspots, counties with only low birth weight hotspots, counties with both types of hotspots, which we refer to as double jeopardy, and those counties without any hotspots. An ANOVA analysis was implemented upon these groups in order to validate the results of the ULS. The pair-wise t test was used to determine whether the differences between groups are statistically significant. We expected the double jeopardy counties to have the highest infant mortality and low birth weight rate. Should the ANOVA and pair-wise t test results confirm this expectation, the ULS detection results were valid.
Often times, in the social sciences, the most commonly used strategy in dealing with multiple indicators is to create a composite index score using factor analysis or another similar variable reduction method. However, this conventional approach usually involves subjective judgments about tradeoffs among indicators. Using both Hasse diagrams of the partial order and a stochastic ordering of probability distribution with Markov chain Monte Carlo (MCMC) methods, Patil and Taillie (2004a) suggested a multicriteria decision making scheme, which could be applied to a hotspot ranking analysis without the involvement of subjective judgment.
Data and methodology

Units of analysis
Counties in the state of Georgia constitute the entirety of the analytic units. Though many studies have investigated the impacts of smaller units of analysis, such as ZIP codes and census tracts, on health outcomes, geographic units that are smaller than the county-level come with several flaws. First and foremost, the administrative hierarchy capable of affecting policy solutions is limited to the federal, state, and county governments. This policy making structure does not extend to units below the county level. That is, the county is the smallest analytic unit with useful policy implications, and other smaller units would not be as practical as the county (Allen 2001) . Second, the data at county-level are more popular and readily available. Not only does the US Census Bureau prepare the data, but also they are accessible in many governmental offices. Third, census tracts or ZIP-code areas cannot capture dwellers' social, economic, and living environment as completely as does the county. For these reasons, counties are considered the most appropriate units of analysis for this study. The average area of Georgia counties is 373.74 square miles and the average population density is roughly 188 people per square mile (Census Bureau 2008) . While both area and population density vary greatly within the state, these features should not affect the prioritization and hotspot detection results.
Data sources and measures
There are two health outcome variables in this paper: the infant mortality rate and the rate of low birth weight infants (See Table 1 mortality rate is the designated dependent variable for hotspot detection, the rate of low birth weight infants is documented to be one of the best predictors of infant death. The reason for including the rate of low birth weight infants is two-fold. First, following the findings in the literature, the rate of low birth weight infants can be used to predict the infant mortality rate. If the hotspot detection results for low birth weight agree with those for infant mortality, the government could foresee the coming public health problem based on the rate of low birth weight infants. The government and policy makers may then be able to take preventive action to help mothers reduce the risk of experiencing an infant death. Second, the rate of low birth weight infants itself can also be used in ranking, and therefore will be used as one of the indicators in prioritization analysis. The Bureau of Health Professions' Area Resource File (ARF) 2003 provides the following county-level data that enable both hotspot detection and multicriteria decision making: a 3-year (1998) (1999) (2000) average of the number of infant deaths, a 3-year average of the number of live births, and a 3-year average of the number of low birth weight infants. Socioeconomic status and other related measures of social class are associated with human health. To reflect social conditions, the following variables are included: the percentage of population aged 25 years and over without a high school diploma, the percentage of population below the poverty line, the percentage of the population receiving public assistance, the unemployment rate, and the percentage of femaleheaded households with children. These variables are calculated based on The 2000
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Census of Population and Housing SF3 Files. Higher percentages on these measures indicate a greater disadvantage.
In addition to social conditions, there are five additional indicators derived from the concept of social capital: percent of residents moving from other counties, percent of owner-occupied housing units, forgery, fraud, and total part I property crime rates. The first two variables are extracted from census data and are expected to reflect neighborhood stability. This is a crucial factor in the development of social capital, because it takes time to accumulate social capital and increase residents' interaction. Also, a recent finding suggested that home ownership is strongly related to social capital (Glaeser et al. 2002) . Hence, moving and home ownership are utilized as part of the ranking indicators. The last three variables are used to reflect mutual trust and the sense of safety. Higher crime rates lead to weaker social capital within a community. To measure the degree of mutual trust and sense of safety, crime rates serve as a reliable and valid indicator. High white-collar crime rates, forgery, counterfeiting, and fraud, undermine the establishment of mutual trust. Total part I property crimes, such as burglary, larceny, arson, and auto theft, lead to the lack of a sense of neighborhood safety and thus hinder the accumulation of social capital. Based on these concepts, the five indicators must be considered in prioritization. To reduce variation, the 5-year average rates calculated from the Uniform Crime Reports (UCR) 1998-2002 by the Federal Bureau of Investigation (FBI) are employed. These social condition variables have been used in various health-related studies (i.e. Matthews and Yang 2010) . All of the data used in this study are available upon request.
Analytic strategy
This paper intends to apply these two innovative information systems (ULS and prioritization) to public health issues and demonstrate how these sophisticated statistical methods promote population health. Based on the data and methods at hand, the analytic strategy is performed as follows: (1) Using ULS to detect low birth weight hotspot clusters; (2) Using ULS to identify infant mortality hotspots; (3) Comparing the results from the previous two steps and using Geographic Information Systems to identify the counties which are in "double jeopardy"; (4) Ranking the counties in double jeopardy with indicators derived from social conditions and social capital; (5) Finally, showing the ranking results and providing policy implications. The next section will demonstrate the analytic results with both figures and tables, and will be followed by the discussion section.
Results
There is a total of 159 counties in the state of Georgia, and the geographical distributions of both infant mortality and low birth weight rates are shown in Fig. 1a and b, respectively. The counties are divided into five groups according to their mortality and low birth weight rates. It is apparent that counties in the northwestern and southeastern areas of the state are in a favorable position in contrast to those located in the middle of the state. As Fig. 1a demonstrates, most of the counties in the first quintile Fig. 1 The distributions of a infant mortality and b low birth weight rates (lowest infant mortality rates) are concentrated in the north. On the other hand, those with the highest infant mortality rates are concentrated in the east-central region of the state and along the Florida border. In Fig. 1b , the southeastern counties exhibit a conspicuous cluster of low rates, and the northern counties continue to have better health outcomes in terms of infant birth weight. Moreover, the southwestern corner of Georgia experiences the worst low birth weight rate. Coupled with Fig. 1a , the following findings should be noted: (1) the counties in northern Georgia have lower infant mortality and low birth weight rates in comparison to other counties; (2) although southeastern counties have better rates of low birth weight infants, this advantage could not be translated into better infant mortality rates. In other words, despite the fact that low infant birth weight is an imperative predictor of infant death, some factors sitting between infant birth weight and death are ignored. As discussed above, social capital and other social conditions could be regarded as the missing variables (these measures will be investigated) and (3) both figures do show arbitrarily shaped clusters, which legitimizes the usage of ULS hotspot detection.
The previous paragraph introduced some initial results and accompanying maps dealing with infant mortality and low birth weight rates. However, the question of where the hotspots are located has not yet been addressed. With respect to the analytic strategies outlined above, the infant mortality hotspots should be detected first. According to the ULS results, 8 potential hotspots are initially evident, but only one hotspot comprised of 65 counties is identified with a p value that is significant at 0.001 level. The risk ratio is 1.81, which means that the counties in this hotspot are 1.81 times more likely to have higher infant mortality rates than others. shows the infant mortality hotspot counties. Compared to Fig. 1a , it's clear that most of the counties north of the city of Atlanta are not included in the significant hotspot. Although three counties are classified into the second highest quintile group (Fannin County, White County, and Franklin County), they are not identified as part of the hotspot. The ULS hotspot detection takes the effect of neighboring counties into account, and thus, detects hotspots with greater precision.
The next step in our analytic strategy is to identify hotspots of low infant birth weight rates. Nine potential hotspots are initially proposed by the ULS, and the simulation result identifies one significant hotspot consisting of 86 counties. The risk ratio is 1.35 and the p value is 0.001. Figure 2b demonstrates the low birth weight hotspot, which extends from the northeast to the southwestern part of the state. As illustrated in Fig. 1b , Georgia is divided by this hotspot and the northwestern and southeastern counties are more advantageous with respect to low birth weight rates. In contrast to the significant infant mortality hotspot, this low birth weight hotspot is comprised of a greater number of counties, and is concentrated in central Georgia. Because both infant mortality and low birth weight rate hotspots are identified by the ULS, the next step is to determine which counties are classified into both, a situation we refer to as 'double jeopardy'. In this case, there are 52 counties that meet the criteria and are identified as double jeopardy counties. Table 2 summarizes the average infant death and low birth weight rates by different groups. For all Georgia counties, fewer than 10 infant deaths occurred per 1,000 live births, while more than 90 infants per 1,000 live births were categorized as low birth weight. In Panel A, note that the highest infant mortality and low birth weight rates were both found within the double jeopardy group. Not surprisingly, those counties that are not part of any hotspot had the best infant health outcomes. Panel B indicates that the average occurrence of low birth weight and infant mortality were significantly different among groups (both p values were below the 0.001 level). The post hoc test, Tukey's Test, further demonstrated the comparison results (see Panel C). Specifically, the low birth weight rate of group 4 (double jeopardy) was significantly higher than that of groups 1 and 3. However, group 2 showed a rate that was not statistically different from that of group 4. With respect to infant mortality, the only insignificance was between groups 2 and 3, but, again, the double jeopardy group showed the highest infant mortality. This finding echoed our expectation and validated the ULS results. The ULS hotspot detection could precisely identify arbitrarily shaped hotspots. In addition, the hotspot detection results also confirmed earlier findings in the literature that elevated low birth weight rates could not be directly translated into high infant death rates. The average low birth weight rate was higher for the counties in the low birth weight hotspot, but their mean infant mortality rate was lower than that of the counties in the infant mortality hotspot.
According to our analytic strategy, after identifying the 52 counties in double jeopardy, the next step was ranking these counties with a multicriteria prioritization scheme. There are 11 indicators used in the prioritization, and they are all weighted equally. Figure 2c shows the results calculated by the cumulative rank-frequency (CRF) operator. The CRF operator is capable of linearizing a poset without combining indicators by using the MCMC sampling method (Patil and Taillie 2004b) . It is noteworthy that the prioritization results indicated three two-way ties in ranking. Specifically, the third, sixth, and twenty-second places were shared by two counties, respectively. The results implied that given these social indicators, these counties deserved equal attention according to each ranking. A smaller ranking number in Fig. 2c indicates that the county requires more immediate help with respect to low birth weight rates, social capital, and other socioeconomic profiles (detailed ranking results can be found in the "Appendix"). For instance, the county ranked number 1 is Muscogee County. That is, based on the 11 indicators, Muscogee County needs more resources to develop better social capital and establish better social conditions, such as encouraging further interaction among neighbors, fighting vandalism, and reducing unemployment rates. Moreover, it should also be noted that the counties with larger numbers are still in need of help, while their demands are not as urgent as those of higher ranking counties. Note that lower numbers indicate higher ranks and the more immediate need for attention. Figure 2c also shows no significant geographic connectivity of ranking orders among the 52 counties. Take the first 5 counties for example, they are not adjacent to one another at all, nor are they evenly distributed geographically (in light of a twoway tie in the third place, there were two 3.5 rankings and the fourth place county was omitted). When adding five more counties to the first five, only three counties are connected: Warren (rank order = 3.5), Jefferson (rank order = 6.5), and Johnson (rank order = 8). Were it not for the multicriteria prioritization schemes, it would be very difficult to identify where the limited resources should be allocated. In Fig. 2c , one conspicuous cluster is located in the east-central part of Georgia, which is not far from South Carolina. Although several of these counties are adjacent to one another, it does not mean that the counties in this cluster deserve more attention than others. In fact, the prioritization results suggest that several high ranking counties are located next to low ranking counties. For example, Muscogee County (rank order = 1) is adjacent to Talbot County whose rank order was 47.
This section includes the ULS hotspot detection and multicriteria ranking results. Generally, the counties in northwestern and southeastern Georgia are favorable in terms of infant mortality and low birth weight rates. Out of the 159 counties statewide, 65 counties make up the infant death rate hotspot and 86 counties comprise the low birth rate hotspot. Additionally, 52 counties are simultaneously grouped into both hotspots. The t test results have proven that ULS hotspot detection could identify arbitrarily shaped hotspots with greater precision, which is the major advantage of the ULS detection method. Using 11 indicators, the multicriteria prioritization scheme ranks the 52 counties and indicates that there is no clear geographic clustering pattern. In other words, the traditional clustering pattern used for decision making is not as ideal as the multiple-indicator ranking scheme. The following section will discuss the policy implications derived from these results.
Discussion
This goal of this paper is to apply two innovative information techniques, ULS hotspot detection and a multicriteria ranking scheme, to public health in order to demonstrate how these new methods could promote infant health. Using data from the ARF on infant death and low birth weight statistics in Georgia counties, our results show that the counties located in the central part of Georgia are at a greater disadvantage compared to those counties in the northern and southern regions. Furthermore, coupled with socioeconomic indicators from other data sources, the ranking results indicate that there is no geographic clustering pattern among the 52 counties in double jeopardy. These results concur with the literature in that although low birth weight is an important predictor of infant mortality, it cannot be directly translated into infant death, which leaves room for the participation of other ranking criteria.
Several important policy implications can be drawn from the hotspot detection and ranking results: (1) the geographic distributions of infant mortality and low birth weight rates are significant and share a similar pattern. As such, in order to more effectively improve child and maternal health, a greater proportion of the limited resources should be allocated first to central Georgia, where hotspot counties are concentrated.
(2) For the areas of double jeopardy, our analysis suggests that the contextual factors, such as social capital and other maternal behaviors, are crucial for effective governance, because they could be improved via policy reform. (3) The ranking results indicate that there is no apparent spatial cluster in terms of ranking order, which provides an empirical basis for decision making and sheds new light on the concept of resource re-allocation. (4) According to the ranking order, those counties further up the hierarchy should seek to establish stronger social capital and ameliorate social conditions. Strengthening mutual trust, reciprocity, and neighbors' interactions, combating vandalism, and maintaining residential stability are crucial to accumulating social capital. Providing affordable housing and lowering loan interest rates are two practical policies that can help to achieve this goal. Educating people on maternal and child health issues and disseminating related public health information could make up the deficiency of socioeconomic profiles. Decreasing unemployment rates and fighting poverty are strategies that could improve basic social conditions. This study also bears several implications for future research in hotspot detection and prioritization. First, the state-of-the-art hotspot detection tool, specifically ULS, is only capable of univariate analysis, which is the primary reason this study employed a two-step approach to identify double jeopardy hotspots. Without a multivariate hotspot detection tool, it is difficult to statistically test whether or not the counties in double jeopardy were found by chance. A multivariate hotspot detection technique using permutations should be pursued. Second, different ranking frameworks should be applied to this data set to explore whether the prioritization results are comparable. If different approaches demonstrate similar rankings, then policy makers have strong scientific evidence to form place-specific intervention policies. Finally, the temporal dimension needs to be considered in future studies. As more and more spatiotemporal data are collected, there will be a greater demand for space-time multivariate hotspot detection and prioritization techniques.
This paper has shown how to employ innovative information techniques to facilitate population health and establish two-way communication between administration and the public. Two important components of social environment, social capital and social conditions, are integrated into this paper and several public health policy implications are derived from the analytic results. This work has addressed our two research questions by establishing and mapping counties' rankings. Furthermore, the innovative information techniques used in this study could be suited to a wide range of applications and should not be constrained to the public health or a similar social science field; therefore, it is possible to apply these innovative information techniques to questions within a much wider range of disciplines. 
